Introduction {#S1}
============

The mammalian gastrointestinal (GI) tract is densely colonized with diverse bacterial communities, which are critical in human health, and contribute to maintenance of mucosal and systemic immune homeostasis^[@R1]^. Furthermore, compounds derived from the GI microbiota play key roles in promoting proper host immune function. Short chain fatty acids (SCFA), produced exclusively through microbial fermentation of dietary fibers in the colon, act through a variety of mechanisms to promote mucosal health. For example, butyrate is a key energy source for colonic epithelial cells and also influences gene expression by acting as a histone deacetylase inhibitor^[@R2]^.

In many disease states, there is an observed alteration to the abundance and diversity of the bacterial species in these communities when compared to healthy controls. One example is that of human immunodeficiency virus (HIV) infection, which has been associated with increased abundances of Proteobacteria and reduced abudances of *Bacteroides*. Aside from changes in bacterial community composition, HIV infection is associated with altered host-microbiota interactions. Specifically, impaired mucosal immunity and breaches in the epithelium lead to translocation of microbes and microbial products (microbial translocation -- MT) from the colonic lumen into systemic circulation, which is associated with aberrant immune activation, and increased morbidity and mortality^[@R3]--[@R7]^.

Nonhuman primates (NHP) are an extremely important model for critical research pertaining to human health, such as aging, viral hepatitis infection, Zika virus infection, and HIV infection^[@R8]--[@R10]^. Indeed, simian immunodeficiency virus (SIV) infection of macaques has been essential for understanding the pathogenesis of HIV infection. As in humans, NHP demonstrate colonic microbiota dysbiosis and MT during SIV infection^[@R11]--[@R15]^, which has provided a detailed understanding of the consequences of MT, such as liver damage resulting from increased immune activation in response to increased burden of microbial products^[@R16]^. SIV infection of NHP has also been critical for evaluating vaccines and therapeutic approaches^[@R17]^. As more NHP studies are beginning to incorporate microbiome analyses, it is important to develop a detailed understanding of the composition of NHP microbiota and the effects of xenobiotics on these communities.

Antibiotics are important xenobiotics that are widely used in NHP veterinary and human health care, but are known to disrupt native microbiota^[@R18]^. Due to the extensive interaction of the microbiota with the host immune system, these antibiotic-mediated alterations to the microbiota composition can result in distinct immunological consequences. For example, antibiotic treatment in mice resulted in increased inflammation as a result of increased MT and increased mucosal immune activation in the colon^[@R19],\ [@R20]^. Other murine models have demonstrated that administration of antibiotics early in life can increase incidence of autoimmune disorders^[@R21]^. Indeed, our group previously demonstrated that antibiotics altered mucosal bacterial communities in SIV-infected rhesus macaques (RM)^[@R17],\ [@R22]^. However, due to the SIV-infection we were unable to attribute any immunological changes to the antibiotics alone. Thus, the impact of antibiotic treatments on the microbiota and mucosal immunity in NHP models has not been thoroughly evaluated, despite the importance of this model for human disease.

Here, we assess the impact of four commonly used antibiotics on colonic microbiota and mucosal immunity in healthy RM: (i.) Cephalexin, a beta-lactam antibiotic commonly used to treat a variety of gram-positive bacterial infections including skin and soft tissue infections^[@R23]^ and part of a class of antibiotics, first generation cephalosporins, widely used as prophylactic antibiotics in surgical procecdures in macaques; (ii.) Clindamycin, a lincosamide antibiotic used for a plethora of human conditions including acne, soft tissue infections, second-line strep throat treatment, bacterial vaginosis, and methicillin resistant *Staphylococcus aureus* (MRSA) infection^[@R24],\ [@R25]^, and recognized by primate veterinarians for its potential to induce mild colitis; (iii.) Paromomycin, an aminoglycoside antibiotic commonly used in HIV-infected individuals for Cryptosporidium infections^[@R26]^ and for its extremely low absorption confining its effects to the GI tract; (iv.) Enrofloxacin is a fluoroquinolone antibiotic commonly used in veterinary practice and given often to NHPs prophylactically for medical studies^[@R27]^. We demonstrate that all four antibiotics disrupted the native microbiota, leading to reduced concentrations of fecal SCFA, and that this was linked to an infiltration of neutrophils and IL-17 producing cells in the colonic mucosa. These data are the first to demonstrate the longitudinal effects of multiple antibiotic treatments on microbial composition, mucosal immunity, bacteria fermentation, inflammation, and microbial translocation.

Materials and Methods {#S2}
=====================

Study animals and antibiotic treatment {#S3}
--------------------------------------

Animals were housed and cared for in Association for the Assessment and Accreditation of Laboratory Animal Care international (AAALACi) accredited facilities, and all animal procedures were performed according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) of University of Washington (Protocol 4304--16). None of the animals included in this study received antibiotics within 6 months prior to the start of the study. Twelve female rhesus macaques were treated with antibiotics (n=3/group) including: enrofloxacin (12 mg/kg, n=3, once daily, 9 days), cephalexin (30 mg/kg, n=3, once daily, 9 days), paromomycin (25 mg/kg, n=3, twice daily, 9 days), or clindamycin (10 mg/kg, n=3, twice daily, 6 days). We collected blood, biopsies of the mid descending colon approximately 20--30 cm from the anus, and stool before, during, and after the antibiotic treatment according to the study schedule in ([Figure 1](#F1){ref-type="fig"}). Stool and two biopsies were stored at −80°C immediately upon collection. We also stored one biopsy from each animal at each time point in RNALater solution. Blood and the remaining biopsies were processed immediately after collection as described below. None of the animals had any clinical complications related to the antibiotic treatment.

DNA extraction, 16S rRNA gene sequencing and data analysis {#S4}
----------------------------------------------------------

We extracted DNA from cryopreserved stool and colon biopsies using the PowerFecal DNA Isolation Kit (Qiagen, Valencia, CA). We then prepared sequencing libraries as described by the Earth Microbiome Project^[@R28]^ and sequenced them using the Illumina MiSeq Sequencer (Illumina, San Diego, CA). All sequence reads and operational taxonomic unit (OTU) observations were included in our analyses, in order to maximize the observed diversity of the bacterial communities. Sequencing data was analyzed using the QIIME software^[@R29]^. We clustered OTUs at 97% similarity using the SWARM algorithm^[@R30]^ and assigned taxonomy based on sequence similarity to the SILVA database^[@R31]^. We calculated alpha diversity using the Inverse Simpson Index, beta diversity using Bray-Curtis dissimilarity, and performed principal coordinates analysis (PCoA) using the *ape* and *vegan* packages in R. Sequences have been submitted to the NCBI SRA (accession number PRJNA604177).

Gas Chromatography-Mass Spectrometry {#S5}
------------------------------------

We first weighed 0.05--0.1 g of stool into a sterile microcentrifuge tube and suspended the stool in acidified water (pH 2.5) at a concentration of 0.1 g/mL, vortexed thoroughly, and centrifuged at maximum speed for 10 minutes. We then transferred 250μL of the supernatant to a fresh microcentrifuge tube and added 50μL of an 800μM solution of 2-methyl valeric acid in acidified water, which served as an internal standard. We next added 300μL of ethyl acetate, vortexed for two minutes, and then centrifuged at maximum speed for 10 minutes. We then transferred 100μL of the organic phase into an autosampler vial and analyzed SCFA concentrations on a Shimadzu QP2010 GCMS (Shimadzu, Kyoto, Japan). We used a Stabilwax fused silica column (30m × 0.32mm × 0.25 mm, Restek Bellefonte, PA) with helium as the mobile phase with a linear velocity of 47.2 cm/sec. The method started at 90°C and increased at a rate of 10°C/min to 180°C and then at a rate of 20°C/min to 250°C, and held at that temperature for 2 minutes. We used solutions of acetic, propionic, butyric, isobutyric, valeric, and isovaleric acids (Sigma Aldrich, St. Louis, MO) in ethyl acetate as calibration standards.

Blood and tissue processing {#S6}
---------------------------

We collected blood in Vacutainer tubes (BD, Franklin Lakes, NJ) and transported immediately to the lab. We then centrifuged the whole blood at 2,000 RPM for 10 minutes at 24°C to separate cells and plasma, then collected 1 mL aliquots of plasma and stored them at −80°C. We stored biopsies in RPMI 1640 medium (GE Healthcare Life Sciences, Pittsburgh, PA) upon collection and immediately transported them to the laboratory. We stored two biopsies at −80°C and one in RNALater solution as noted above for DNA extraction and RNAseq analysis, respectively. We placed the remaining biopsies into 50mL RPMI medium supplemented with 1X Pennicillin/Streptomycin (GE Healthcare Life Sciences), 40 μg/mL Liberase TL (Sigma Aldrich), and 4 μg/mL DNase (Sigma Aldrich) and vigorously stirred at 37°C for one hour. We then manually dissociated the digested biopsy tissue into a single cell suspension by grinding them across a sterile 40μm mesh filter. We then centrifuged the cells at 1,900 RPM for 6 minutes at 4°C, suspended them in 8mL RPMI 1640 supplemented with 10% FBS, and 1X Pennicillin/Streptomycin (R10), and divided this suspension evenly between two 5mL round-bottom tubes for flow cytometry analysis.

Antibody staining and flow cytometry {#S7}
------------------------------------

### Innate and adaptive immunophenotyping: {#S8}

We stained one tube of the single cell suspensions immediately after processing in each tissue and blood. We first washed the cells in 4mL of sterile PBS and stained them with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher Scientific, Waltham, MA) for 5 minutes at room temperature. We then stained the cells with the following surface antigen antibodies, all of which were obtained from BD Biosciences (San Jose, CA) unless otherwise stated, for 20 minutes at 4°C: CD45-PerCP (clone D058--1283), CD-11b-APC-H7 (clone ICRF44), CCR6-Pe (clone 11A9), CD3-Pe-CF594 (clone SP34--2), CD20-Pe-Cy5 (clone 2H7), PD-1 (eBioscience, San Diego, CA, clone eBioJ105), CD274 (Biolegend, San Diego, CA, clone 29E.2A3), CD8-BV570 (Biolegend clone RPA-T8), CD4-BV605 (Biolegend clone OKT4), CD16-BV650 (clone 3G8), HLA-DR-BV711 (clone G46--6), and CD14-BV785 (clone M5E2). We next washed the cells in sterile PBS and permeabalized them using BD Cytofix/Cytoperm for 20 minutes at 4°C. We then washed the cells two times in BD Perm/Wash buffer and stained them with the following intracellular antigen antibodies all of which were obtained from BD Biosciences unless otherwise stated, for 20 minutes at 4°C: Ki67-FITC (clone B56), IL-23-eFLuor660 (eBioscience clone 23dcdp), Arginase-1-Ax700 (R&D Systems, Minneapolis, MN, clone 658922), and Caspase-3-V450 (clone C92--605). We then fixed the cells in 1% paraformaldehyde solution (Sigma Aldrich). Data is shown only for significantly altered parameters.

### Intracellular cytokine staining: {#S9}

We stimulated the second tube of the single cell suspension with 10 ng/mL phorbol myristate acetate (Sigma Aldrich) and 1 μg/mL ionomycin (Life Technologies) in 2 mL R10 supplemented with 1 mg/mL brefeldin A for 16 hours at 37°C. We then washed the cells with 4 mL sterile PBS and stained them with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher Scientific, Waltham, MA) for 5 minutes at room temperature. We then stained the cells with the following surface antigen antibodies, all of which were obtained from BD Biosciences (San Jose, CA) unless otherwise stated, for 20 minutes at 4°C: CD45-PerCP (clone D058--1283), CD8-APC-H7 (clone SK1), CD3-PE-CF594 (clone SP34--2), CD11b-PE-Cy5 (clone ICRF44), CD11c-PE-Cy7 (eBioscience clone 3.9), CD20-BV570 (Biolegend clone 2H7), CD4-BV605 (Biolegend clone OKT4), HLA-DR-BV711 (clone G46--6), and CD14-BV785 (clone M5E2). We then washed the cells in sterile PBS and permeabalized them using BD Cytofix/Cytoperm for 20 minutes at 4°C. We then washed the cells twice in BD Perm/Wash buffer and stained them with the following intracellular antigen antibodies all of which were obtained from BD Biosciences unless otherwise stated, for 20 minutes at 4°C: IL6-FITC (MQ2--6A3), GM-CSF-APC (Biolegend clone BVD2--21C11), TNF-α-AF700 (clone Mab11), IL-17-Pe (eBioscience clone ebio64CAP17), IL-22-PerCP-eflour 710 (eBioscience clone IL022JOP), IL-8-BV421 (clone G265--8), and IFNγ-BV650 (Biolegend clone 4S.B3). We then fixed the cells in 1% paraformaldehyde solution (Sigma Aldrich). We collected stained cells on an LSR II flow cytometer (BD Biosciences) and analyzed the data using FlowJo software (v10.2, FlowJo LLC, Ashland, OR).

RNA sequencing {#S10}
--------------

We isolated total RNA from colonic biopsies stored in RNALater solution using Qiagen RNeasy Micro Kits (Qiagen, Valencia, CA). We then generated sequencing libraries using TruSeq Stranded Total RNA with Ribo-Zero Globin kits (Illumina, San Deigo, CA) and 200ng of RNA as the input. We then sequenced the libraries on an Illumina HiSeq 2500 Sequencer (Illumina). We trimmed the raw sequence reads of adapters and filtered them using skewer to discard reads with an average phred quality score of less than 30 or a length of less than 36. Trimmed reads were then aligned using the HISAT2^[@R32]^ aligner to the NCBI reference Mmul macaque genome (Mmul_8.0.1) and sorted using SAMtools^[@R33]^. Aligned reads were counted and assigned to gene meta-features using featureCounts^[@R34]^ as part of the Subread package. Sequence and gene expression data are available at the Gene Expression Omnibus (accession number GSE143729).

ELISA {#S11}
-----

We used the Human soluble CD14 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN) to quantify plasma concentrations of sCD14 before, during, and after the antibiotic treatment according to the manufacturer's instructions. We diluted plasma 1:200 prior to analysis.

Statistical Analyses {#S12}
--------------------

Given the similiarities in response to the different antibiotics classes, the twelve animals were grouped for statistical analysis longitudinally prior to and after antibiotic treatment. We conducted paired t-tests across all twelve animals to determine statistical differences between SCFA concentrations and immunological data, including flow cytometry and ELISA. To evaluate statistical differences in bacterial abundances, we utilized the Wilcoxon signed-rank test using the abundance for each bacterial species at each time point. All statistics were corrected for multiple comparisons using a post-hoc Bonferroni Correction. We performed these analyses using GraphPad Prism (v5.0 GraphPad, La Jolla, CA). For our RNA-Seq analysis approach, we imported the count files into R and performed quality control, normalization and analysis using the generalized linear model likelihood ratio test for pairwise differential gene expression testing between timepoints and treatments implemented in Bioconductor's edgeR^[@R35]^. Gene Set Variation Analysis (GSVA)^[@R36]^ was used for pathway enrichment analysis with subsequent testing of significantly differentiated pathways using LIMMA's^[@R37]^ moderated t-statistic. P-values for both the gene expression analysis and pathway enrichment were calculated with a maximum nominal P≤0.05 chosen as significant. Longitudinal gene expression and pathway enrichment figures were generated using the ggplot2 library^[@R38]^.

Results {#S13}
=======

Antibiotics disrupt microbiota in the colonic mucosa and stool {#S14}
--------------------------------------------------------------

We used 16S rRNA gene sequencing to profile the bacterial communities in the colonic mucosa and stool before, during, and after the antibiotic treatments. Prior to the antibiotic treatment (Days −42 and −21), the colon mucosa of all animals was dominated by *Helicobacteraceae* (average 67.1%, range 5.6%−99%), with minor populations of *Ruminococcaceae* (average 7%), *Prevotellaceae* (average 6.9%), *Lachnospiraceae* (average 2.7%), and *Spirocheateceae* (average 2.7%), in strong agreement with our and other groups' data on the microbiota associated with the colon mucosa in rhesus macaques^[@R22],\ [@R39]^ ([Figure 2A](#F2){ref-type="fig"}). Rapidly after antibiotic treatment (Day 3), there was a significant decrease in the abundance of the dominant *Helicobacteriaceae* (*P*=0.0161) with increased abundances of *Prevotellaceae* and *Ruminococcaceae*, although there was no change in the abundance of these bacteria due to treatment with clindamycin. After the antibiotic treatments had ended (Days 14, 28, and 63), the mucosal bacterial communities generally returned to the pre-antibiotics state, with high abundances of *Helicobacteriaceae*, but the rate and extent of this recovery differed between the three groups that showed a response to the antibiotic treatment. Specifically, administration of paromomycin appeared to have longer-lasting effects than did the other antibiotics.

We next evaluated the stool-associated bacterial communities ([Figure 2B](#F2){ref-type="fig"}). Prior to the antibiotic treatment, all of the animals showed high abundances of *Prevotellaceae* and *Ruminococcaceae* among other, smaller populations of Firmicutes and Bacteroidetes bacteria. All four antibiotics disrupted composition of the stool microbiota, but these effects were less pronounced and more variable than those observed in the mucosa. Thus, we used the random forests classifier to determine which bacterial groups were most discriminative between time points with and without antibiotics. We found that the abundances of *Enterobacteriaceae* and *Verrumicrobiaceae* were the most discriminative between the three time points, followed by *Succinivibrionaceae*, *Streptococcaceae*, and *Helicobacteriaceae* ([Figure 2C](#F2){ref-type="fig"}). We evaluated the genera detected from the family *Enterobacteriaceae*, and found that it was predominantly *Escherichia*, with lower abundances of *Proteus*, *Enterobacter*, and *Klebsiella* ([Figure 2D](#F2){ref-type="fig"}). The abundance of bacteria from the family *Enterobacteriaceae* was low before the antibiotic treatment, but rapidly increased during the antibiotic treatment, and remained increased following cessation of antibiotic treatments ([Figure 2E](#F2){ref-type="fig"}). We also found that the abundance of *Verrucomicrobiaceae*, which was determined to be an *Akkermansia* sp. was significantly increased during the antibiotic treatment and remained increased after the treatments ended ([Figure 2F](#F2){ref-type="fig"}). We also observed decreased abundances of *Ruminococcaceae*, one of the key types of fermentative bacteria, during the antibiotic treatment ([Figure 2G](#F2){ref-type="fig"}).

We evaluated species diversity in the mucosal and stool associated bacterial communities using the Inverse Simpson Index and found that there was no significant change in the diversity of the mucosal communities ([Figure 3A](#F3){ref-type="fig"}). However there was a significant decrease in the diversity of the stool bacterial communities on Days 7 and 14, which returned to pre-antibiotic values by Day 28 ([Figure 3B](#F3){ref-type="fig"}). The perturbation to the colonic bacterial communities was further demonstrated by principal coordinates analysis (PCoA), in which samples taken during the antibiotic treatment tended to cluster separately from those taken before or after the antibiotic treatment ([Figure 3C](#F3){ref-type="fig"}/[D](#F3){ref-type="fig"}), indicating disruption of the communities by the antibiotics. Together, these data demonstrate that the antibiotic treatments induced significant alterations to the diversity and composition of the bacterial communities in the colonic mucosa and lumen.

Antibiotic treatment reduces stool SCFA concentrations {#S15}
------------------------------------------------------

SCFA are end products of bacterial fermentation that play major roles in regulating host health and immunity^[@R40]^. Thus, we used GC-MS to measure the concentrations of acetate, propionate, butyrate, isobutyrate, valerate, and isovalerate in the stool of the RMs throughout the course of the study ([Figure 4](#F4){ref-type="fig"}). Before the antibiotic treatment, we detected all six SCFA in the range of 0.98--8.3mM. Acetate was present in the highest concentrations (average 2.39 ± 1.11mM), followed by butyrate (average 0.89 ± 0.7mM), propionate (average 0.7 ± 0.86mM), isovalerate (average 0.63 ± 0.37mM), valerate (average 0.59 ± 0.47mM), and isobutyrate (average 0.39 ± 0.21mM). During the antibiotic treatment, the concentrations of all six SCFA significantly decreased as compared to baseline, but recovered to pre-antibiotic concentrations by Day 14. The observed reduction in SCFA concentrations in the stool was independent of the antibiotic used.

Antibiotic treatment is associated with altered colonic mucosal immunity {#S16}
------------------------------------------------------------------------

We used multicolor flow cytometry to evaluate immune profiles of colon biopsies throughout the course of the study. We found that there were significantly increased frequencies of neutrophils (as previously defined by our group in rhesus macaques as CD45+CD3-CD20-CD14+CD11b+ leukocytes^[@R41]^) during the antibiotic treatment that returned to normal levels after the antibiotic treatment had ended ([Figure 5A](#F5){ref-type="fig"}/[B](#F5){ref-type="fig"}) and that the neutrophils expressed lower levels of Caspase-3 during the antibiotic treatment ([Figure 5C](#F5){ref-type="fig"}/[D](#F5){ref-type="fig"}), indicating decreased levels of neutrophil apoptosis. This infiltration of neutrophils in the colonic mucosa was supported by RNA sequencing data demonstrating an increase in *CXCL8* expression ([Figure 5E](#F5){ref-type="fig"}), the coding gene for IL-8, as well as an overall increase in the expression of genes within the IL-8 pathway from Day 3--14, and began to return to pre-antibiotic levels by Day 28, showing strong temporal alignment with the flow cytometry data ([Figure 5F](#F5){ref-type="fig"}). However, not all of the treatment groups showed the same patterns of gene expression. Specifically, the enrofloxacin group showed a slight decrease in expression of *CXCL8* and the IL-8 pathway on Day 3, whereas the other groups showed an increase in expression on that day.

Specific bacteria and bacterial products in the GI tract can influence the polarization of CD4^+^ T cell subsets^[@R40]^. Thus, we hypothesized that the antibiotic-induced microbiome perturbations could affect frequencies of key CD4^+^ T cell subsets. While the frequency of CD4+ T cells in the colonic mucosa remained stable throughout the course of the study (data not shown), we observed increased frequencies of CD4+ T cells producing IL-17 ([Figure 6A](#F6){ref-type="fig"}/[B](#F6){ref-type="fig"}) on Days 14, which reached significance by Day 28. Similarly, we observed increased frequencies of CD4+ T cells producing IL-22 ([Figure 6C](#F6){ref-type="fig"}) on Days 14 and 28. Using RNA-seq, we demonstrated that there was increased expression of genes in the IL-17 pathway for all treatment groups on Day 14--28, which returned to pre-antibiotic levels afterward ([Figure 6D](#F6){ref-type="fig"}).

To assess levels of systemic innate immune activation^[@R42]^, we measured plasma concentrations of sCD14. We observed a minor, but significant increase in plasma sCD14 during the antibiotic treatment, which then returned to baseline values by Day 14 ([Figure 7](#F7){ref-type="fig"}). These data demonstrate that, during and after the antibiotic treatment, there were significant changes in mucosal immunity indicative of immune activation.

Discussion {#S17}
==========

Antibiotics are a cornerstone of modern medicine, but unrestricted use has led to a variety of problems, including increased incidence of antibiotic resistant bacteria, as well as long-term alterations to the composition of colonic microbiota^[@R43]^. Here, we demonstrated that oral administration of antibiotics disrupted colon mucosal and stool-associated bacterial communities in healthy rhesus macaques, and importantly, demonstrate for the first time specific alterations in mucosal immunity after antibiotics.

Of the antibiotic-induced microbiome alterations, the most prominent was increased abundances of *Enterobacteriaceae*. Expansion of enteric pathogens after antibiotic treatment has been observed previously in murine models, and is generally attributed to increased availability of carbohydrates after depletion of the native microbiota^[@R44],\ [@R45]^. A further explanation may also be related to antibiotic resistance. Indeed, antibiotic resistant *Enterobacteriaceae* are a major emerging public health burden^[@R46]^. We also observed increased abundances of *Akkermansia* during the antibiotic treatment. *A. muciniphila* is a well characterized intestinal mucolytic bacterium^[@R47]^ and these bacteria have previously been shown to increase in abundance following antibiotic treatments^[@R18]^. Whether or not the increased abundance of *Akkermansia* was due to altered substrate pools is unclear, however it is important to note that increased abundances of mucolytic bacteria may alter mucous properties and thus may affect the integrity of the mucosal layers, and further studies understanding mechanisms of altered microbes after antibiotics are warranted.

While the effects on the microbiota varied between the different antibiotics, all four antibiotics elicited a dramatic reduction in stool SCFA concentrations. There are several explanations for this phenomenon. One explanation is that the antibiotics altered the bacterial metabolism, stalling SCFA production. Antibiotics are known to induce changes in bacterial metabolism and, while some of these responses are specific to the type of antibiotic used, others appear to be more generalized across multiple classes of antibiotics^[@R48],\ [@R49]^. Such metabolic alterations induced by antibiotics, combined with continued utilization of SCFAs by the microbiota and host, may help explain the observed loss of SCFA production in this study. Recent evidence has demonstrated that propionate produced by commensal *Bacteroides* spp. inhibits the growth of pathogenic *Salmonella typhimurium* in murine models^[@R50]^. Thus, the decreased stool SCFA concentrations in this study may have played a role in the expansion of *Enterobacteraceae* spp. However, further investigation is necessary to determine the precise cause and impacts of the decreased SCFA.

The immunological responses to the antibiotic-induced microbiome disruption also appear to be conserved across the different antibiotic classes. Indeed, we observed increased frequencies of neutrophils, Th17, and Th22 cells by flow cytometry either during or after the antibiotic treatment and these responses were conserved across all of the study groups. These alterations in mucosal immune status were further supported by RNA-seq demonstrating increased expression of genes in the IL-8 and IL-17 pathways. Neutrophils are recruited to the sites of bacterial infections and are critical for protecting against pathogenic bacteria^[@R51]^. In the context of this study, it is possible that neutrophils were recruited to the colonic mucosa in response to the altered microbiota composition. We also demonstrated reduced neutrophil apoptosis during the antibiotic treatment. Increased neutrophil lifespan may contribute to mucosal inflammation through increased release of antimicrobial factors such as proteases and reactive oxygen species, which can disrupt the integrity of mucosal epithelial barriers^[@R52]^. This is supported by the increased plasma concentrations of sCD14 post-treatment, which has been extensively used as a biomarker of reduced mucosal epithelial integrity and translocation of microbes and microbial products from the intestinal lumen into the periphery^[@R3]^.

Neutrophils have also been shown to play a role in recruiting Th17 cells^[@R53]^, and this is supported by the timing of the increase of Th17 cells and global gene expression patterns in our study. Th17 cells are important for maintaining mucosal homeostasis and for protection against intestinal pathogens^[@R54]^. Thus, the observed increase in Th17 cells in this study was likely also in response to the antibiotic-induced microbiota alterations. However, it is also important to note that approximately the same time that we observed increased Th17 cells (D14-D28), we also observed increased frequencies of Th22 cells, as well as CD4+ T cells producing both IL-17 and IL-22. Th22 cells (and IL-22) are important for protecting against pathogenic bacteria^[@R55]^, but also promote epithelial regeneration and repair^[@R56]^. Thus, the observed increase of Th17 and Th22 cells could also be in response to mucosal dysfunction and thus important for restoration of the colonic epithelium during the resolution of inflammation caused by the influx of neutrophils. The precise mechanisms underlying these changes in mucosal immunity during antibiotic treatment require further study.

A caveat of these studies is the very small group size in each antibiotic category. This study was initially designed as a pilot study to determine which antibiotics should be focused on for nonhuman primate research. Given the difference in mechanisms of activity of each antibiotic, it was somewhat surprising how conserved the microbial and immune responses to all the groups was. Thus, we chose to group all antibiotics for analysis to focus on these conserved mechanisms. However, future studies focused on individual antibiotics and potential disparate effects are seen in larger treatment groups will be important for future studies.

In summary, these data demonstrate that antibiotic treatments disrupt colonic bacterial communities and promote mucosal inflammation and epithelial disruption in healthy rhesus macaques. Macaques are the most biologically relevant animal model for studies of human immunology and are used as a model for a variety of diseases, in particular HIV infection^[@R9],\ [@R57]^. HIV and pathogenic SIV infection are associated with dysbiosis of the intestinal microbiota and significant dysfunction of the mucosa independent of antibiotics^[@R12],\ [@R58],\ [@R59]^. Thus, antibiotic use in HIV-infected individuals might exacerbate these conditions and contribute to further immune activation. Further, antibiotic use in studies of SIV infection that involve evaluations of mucosal immunity and the intestinal microbiota can have dramatic impacts on the results. These data suggest that antibiotic use should be avoided unless absolutely necessary in such studies.

We thank all veterinary staff of the Washington National Primate Research Center for conducting the animal studies. These studies in part were funded with support from the WaNPRC NIH core grant P51 OD010425-51, and partially by NIH grants 1R01AI128782 and 1R01DK112254 to N.R.K. and amfAR 109222-58-RGRL to C.M.C. J.A.M. was supported by K01OD024876. We also thank the Case Western Applied Functional Genomics Core.

![Study Schedule.\
Animals (n=3 per group) were treated with enrofloxacin, cephalexin or paromomycin for nine days, or clindamycin for six days. Two sets of samples were collected prior to the treatment. During the treatments, non-invasive samples were collected three times and mucosal samples collected once. Animals were tracked for 63 days after initiation of the antibiotic treatments.](nihms-1543366-f0001){#F1}

![Bacterial community composition of the colonic mucosa throughout the antibiotic treatments.\
**(A)** Mucosal bacterial communities of all animals showed a high abundance of *Helicobacteraceae* prior to the antibiotic treatment. The antibiotics disrupted the mucosal bacterial communities, but clindamycin showed no impact on the predominant *Helicobacteraceae*. **(B)** Stool-associated bacterial communities of all of the animals were highly diverse, predominated by bacteria from the phyla Firmicutes and Bacteroides. Each antibiotic disrupted these communities, but the effects on community composition varied between the different antibiotics. **(C)** Random Forest analysis demonstrated that *Enterobacteriaceae* were the most strongly discriminating bacterial group in the stool bacterial communities at time points when antibiotics were being administered. **(D)** Other discriminating groups included *Verrucomicrobiaceae*, *Helicobacteraceae*, and *Streptococcaeae*, among others. The most abundant genera of *Enterobacteriaceae* included *Escherichia*, *Proteus*, and *Enterobacter* with a small proportion of *Klebsiella*. **(E)** The relative abundance of *Enterobacteriaceae* in the stool bacterial communities increased rapidly upon initiation of the antibiotic treatments (Day 0--7), persisted in some animals until Day 14, and then returned to pre-antibiotic levels by Day 49. **(F)** *Akkermansia*, detected in the stool bacterial communities, increased in relative abundance near the end of the antibiotic treatment and then persisted through the end of the study. **(G)** *Ruminococcaceae* displayed decreased relative abundance on Days 7 and 14, and increased back to pre-antibiotic levels on Day 28. **(E-G)** Green points indicate samples taken prior to the antibiotic treatment, red points indicate samples during the antibiotic treatment, and blue points indicate samples taken after cessation of the antibiotic treatment. Statistics were performed across all antibiotic treatment groups using a Wilcoxon signed-rank test and corrected for multiple comparisons using a post-hoc Bonferroni correction.](nihms-1543366-f0002){#F2}

![Antibiotics alter diversity of mucosal and stool bacterial communities.\
**(A)** Species diversity, as measured by the Inverse Simpson Index, was altered by antibiotic treatment across all animals in the four antibiotic treatment groups. The colonic mucosa showed increased species diversity during (Day 3) and shortly after (Day 14) the antibiotic treatments. **(B)** Stool communities showed reduced diversity during (Days 0, 3, 7) and shortly after (Day 14) the antibiotic treatment. **(C-D)** Principal coordinates analysis confirmed that the antibiotics disrupted the community composition in the mucosa **(C)** and stool **(D)** during the antibiotic treatment. Green points indicate samples taken prior to the antibiotic treatment, red points indicate samples during the antibiotic treatment, and blue points indicate samples taken after cessation of the antibiotic treatment. Statistics were performed across all groups using a Wilcoxon signed-rank test and and corrected for multiple comparisons using a post-hoc Bonferroni correction.](nihms-1543366-f0003){#F3}

![Concentrations of SCFA decrease during antibiotic treatment.\
Across all four antibiotic treatment groups, stool concentrations of the SCFA acetate, propionate, butyrate, isobutyrate, valerate, and isovaerate were significantly reduced during the antibiotic treatment (indicated by gray bar) and rapidly returned to pre-antibiotic levels following cessation of the antibiotic treatments. Enrofloxacin -- red circles, cephalexin -- blue squares, paromomycin -- green triangles, clindamycin -- black upside-down triangles. The table below shows *P* values that were determined using a paired-t test with Bonferroni Correction for for multiple comparisons (NS: not significant). Statistics were performed across all antibiotic treatment groups.](nihms-1543366-f0004){#F4}

![Neutrophils infiltrate the colonic mucosa during antibiotic treatment.\
**(A)** In all treatment groups, flow cytometry analysis demonstrated a significant increase of neutrophils in the colonic mucosa during the antibiotic treatment (indicated by the gray bar), which persisted to Day 14 and then returned to pre-antibiotic levels by Day 28--63. **(B)** Representative flow cytometry plots demonstrating accumulation of neutrophils on Day 3 of the antibiotic treatment. Neutrophils were specifically identified as CD45+CD3-CD20-CD14+CD11b+ leukocytes. CD11bHiCD14Hi cells were specifically gated out in order to exclude monocytes from the analysis. **(C/D**) We observed a significant decrease in Caspase-3+ neutrophils at days 14 and 28, which returned to pre-antibiotic levels by Day 63. **(E-F)** RNA-seq analysis demonstrated increased expression of *cxcl8*, the gene encoding IL-8 **(E),** as well as the IL-8 production pathway **(F)** with strong temporal alignment with the neutrophil infiltration observed through the flow cytometry analysis. Interestingly, the enrofloxacin group showed reduced expression of *cxcl8* and the IL-8 production pathway on Day 3, but increased expression on Day 14. Enrofloxacin -- red circles, cephalexin -- blue squares, paromomycin -- green triangles, clindamycin -- black upside-down triangles. *P* values were determined using a paired-t test with Bonferroni Correction for for multiple comparisons. Statistics were performed across all antibiotic treatment groups.](nihms-1543366-f0005){#F5}

![IL-17 producing CD4+ T cells increase in the colonic mucosa following the antibiotic treatment.\
**(A)** Flow cytometry analysis demonstrated an increase of IL-17 producing CD4+ T cells (defined as CD45+CD3+CD4+IL17+) in the colonic mucosa after the antibiotic treatment (indicated by the gray bar) at Day 14 and a significant increase at Day 28, which returned to pre-antibiotic values by Day 63. **(B)** Representative flow cytometry plots demonstrating increased frequency of IL-17-producing CD4+ T cells on Day 28. **(C)** We observed an increase in the frequency of IL-22-producing CD4+ T cells. **(D)** mRNA-seq analysis similarly demonstrated increased expression of genes in the IL-17 pathway on Day 14--28 after the antibiotic treatment. Enrofloxacin -- red circles, cephalexin -- blue squares, paromomycin -- green triangles, clindamycin -- black upside-down triangles. *P* values were determined using a paired-t test with Bonferroni Correction for for multiple comparisons. Statistics were performed across all antibiotic treatment groups.](nihms-1543366-f0006){#F6}

![Plasma concentrations of sCD14 increased during antibiotic treatment.\
Across all treatment groups, we observed an increase in plasma concentrations of sCD14 during the antibiotic treatment (indicated by the gray bar), which reached significance at Day 7. Plasma sCD14 levels returned to pre-antibiotic values following cessation of antibiotics. These data support an inflammatory response during the antibiotic treatment. Enrofloxacin -- red circles, cephalexin -- blue squares, paromomycin -- green triangles, clindamycin -- black upside-down triangles. *P* values were determined using a paired-t test with Bonferroni Correction for for multiple comparisons. Statistics were performed across all antibiotic treatment groups.](nihms-1543366-f0007){#F7}
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